Spores of Bacillus subtilis were gamma-irradiated (soCo source) and viable counts performed by surface spread and tube dilution methods. Surface spread counts were greater than tube dilution counts by factors varying from 1-57 to 3-90 (aqueous suspensions) and 2.36 to 6.10 (freezedried). In 8 cases out of 10 there was no significant difference in the regression coefficients of log yo survivors against radiation dose for the two counting methods under identical conditions of irradiation. Freezedrying from 5 yo (w/v) aqueous solutions of glucose, lactose or fructose had a significant protective effect on the radiation resistance of the spores.
INTRODUCTION
Hill & Phillips (1959) used a tube dilution method to assess the inactivation of Bacillus subtilis spores in penicillin by gamma-irradiation, claiming that in ' conventional nutrient plate colony counts ' the viable count apparently increased as dilution increased. This was attributed to the presence of an inhibitor of spore germination, the tube dilution method being used to dilute such an inhibitor. Direct comparison of surface spread and tube dilution methods for assessing inactivation of irradiated organisms has not been previously reported, although plating methods are generally used. Freeze-drying from 5 yo glucose solution has been shown to have a significant protective effect on B. subtilis spores subsequently subjected to gamma-irradiation (Roberts, 1961) . This work has now been extended to include maltose and fructose, and the results with glucose and lactose confirmed, by using tube dilution and plate count methods.
METHODS
Preparation of spore suspension. Bacillus subtilis NCTC 8236 was grown on Lemco agar containing 0-0001 % manganous sulphate, with incubation at 37' for 14 days.
The resultant spores were washed five times with sterile water, heated at 78-80' for 20 min. to kill vegetative forms, and stored in aqueous suspension at 04'.
Media. ' Oxoid' peptone agar, and 'Oxoid' peptone water (0x0 Ltd., London Irradiation. Samples were irradiated in a ' hot-spot ' W C o source a t the Wantage Research Laboratory, A.E.R.E., a t a dose-rate of 2.68 x 106 rads/hr. Ampoules containing spores were stored a t 0" before and after irradiation, which was done at room temperature. Radiation dosimetry was performed by members of the Wantage laboratory staff by the method of oxidation of Fez+ in 0-8~-sulphuric acid.
Viable count methods Spread-plate count. A sample (0.5 ml.) of a suspension containing 40-80 viable spores (determined by a preliminary count) was spread on the surface of each of six overdried peptone agar plates (20 ml.) and incubated a t 37" for not less than 36 hr.
Tube dilution count. The method used was that described by Cochran (1950) and Finney (1951) for estimating bacterial populations by dilution series. Twofold dilutions were used. Ten samples of 5 drops from calibrated needles were taken from each dilution, and inoculated into peptone water (10 ml.). Tubes were incubated a t 37" shaken daily, and read at intervals during 2 weeks. Increase in number of positives was never observed after 7 days, and about 90 yo of positives were evident after 48 hr. Five two-fold dilutions were used for each count planned to give an about average of one organism/sample in the third dilution. This gave about equal numbers of positives and negatives, from which maximum information was obtained. Statistical analysis. Results from irradiation experiments were expressed as % survivors, using counts from unirradiated ampoules as representative of 100 %.
In every case a plot of log yo survivors against dose was linear, Pairs of calculated regressions were compared by a modified ' t ' rest (Bailey, 1959) . Blocks of regression were tested for parallelism by an analysis of variance, and when'parallelism was established a further analysis showed whether a common regression line could be plotted (Roberts, 1961) .
RESULTS
A summary of results is given in Table 2 .
It was found ( Table 3 ) that in 8 cases out of 10 the regressions of log % survivors against dose did not differ significantly whether counted by surface-spread or tubedilution counts. Protection after freeze-drying, where it occurred, was evident by either counting method (Table 4) . Block analyses of variance were performed o d y on plate-count results. Fig. 2 . Freeze-drying produced a significant protective effect, but not as great as previously reported (Roberts, 1961) . The reason for the less marked protection here is not known. It might be due to slight variation in the conditions of freeze-drying, or the observed increase in radiation resistance of the spore suspension on prolonged storage at 0-4'.
Spores irradiated in
Spores irradiated in 5 % lactose, and freeze-dried from 5 yo lactose. A significant protective effect on freeze-drying was shown when the slopes alone were considered (Fig. 3) . Extrapolation of the regression for freeze-dried samples to zero irradiation dose indicates that only 4-Sy0 of the spores were protected. This is almost exactly the previous result. The ' glass ' formed by lactose was less obvious than those formed by glucose and fructose. It is possible that only 4-8 yo of the spores are actually in the lactose ' glass ' and that only these were protected. However, 0.66 x lo6 rads resulted in greater inactivation (96-5 yo) in freeze-dried lactose preparations than (Fig. 1) .
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in any other system used. This dose gave mean inactivations of 57% in water, 66 yo in maltose, 66 % in aqueous glucose, and 55 yo in aqueous fructose. Spores irradiated in 5 yo fructose a n d freeze-dried from 5 yo fructose. A significant protective effect of freeze-drying was shown (Fig. 4) Although glucose, lactose, and fructose all gave protection on freeze-drying, the regressions were not parallel ( F = 9.58, P = 0.001-0.01). Regressions for the aqueous suspension, those suspensions in aqueous maltose, lactose, glucose and fructose, and the sample freeze-dried from water were parallel 
DISCUSSION
It should be borne in mind that, while no significant difference in the slopes of log yo survivors against dose counted by surface-spread and tube-dilution methods has been established, the actual number of survivors was, with 2 exceptions in 54 cases, greater on plates than in tubes. This is illustrated in Table 5 .
Linear log survivor/dose curves have been obtained by Donnellan & Morowitz (1957) and by Woese (1958) for the radiation inactivation of Bacillus subtilis spores. There is no precedent for the type of protection we found above. Protection was evidently associated with the presence of a glass, since maltose produced no obvious glass and no protection, and fructose produced the most marked glass and the greatest protection. Although glass formation is a well-known phenomenon, its characteristics are not readily available. Freeze-drying solutions of glucose from 1 to 30 yo (w/v) all produced glasses, and presumably should therefore protect.
Whether the protection is concentration-dependent has not yet been examined. It has been reported (Proctor, Goldblith, Oberle & Miller (1955) ) that the radiation sensitivity of B. subtilis is less in vacuo than in air. Since the glass forms during the
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freeze-drying process, it appears possible that the spores encased in the glass are present in a localized vacuum and exhibit typical in vacuo resistance. In the absence of glass formation (maltose) and in suspensions, spores were irradiated in the presence of air. The protective effect demonstrated in freeze-dried sugars is in each case greater than that shown by Proctor et al. (1955) , and it seems unlikely that this is the complete explanation. Formation of toxic radicals outside the cell may be neglected as a factor in the mechanism of inactivation by ionizing radiations (Davis, 1954 ; Hutchinson, 1955 Hutchinson, , 1957 . In addition to the 'direct' effect of ionizing radiation, toxic free-radicals produced within spores contribute to their inactivation (Powers, Webb & Ehret, 1960) . The latter damage is dependent upon conditions and may be largely avoided by the prevention of toxic free-radicals reactions. The former is independent of conditions, and is now assumed to include ionizations within 'bound' water (Alexander, 1959) since the water forms an integral part of the protein, and radicals formed within it are not freely diffusible.
No evidence is available to indicate whether the sugar glass forms only outside the spore, or inside the spore wall. High concentrations of glucose external to cells of Saccharomyces cerevisiue led to intracellular dehydration resulting in a marked decrease in radiation sensitivity (Wood, 1959) . The importance of intracellular water has also been stressed in work with bacterial spores (Tallentire & Powers, 1961; Webb & Powers, 1961) .
Conflicting results have been reported which suggest that drying may protect against (Moos, 1952) or, when oxygen is present, sensitize to, subsequent irradiation (Tallentire, 1958) . Experiments with rigidly controlled water content show sensitization of spores to X-and gamma-radiation in the presence of, and when stored in the presence of, oxygen. Sensitivity is a function of water content, decreasing sensitivity occurring with increasing water content (Tallentire & Davies, 1961 ; Tallentire & Powers, 1963) . Dehydration may therefore explain the sensitization to irradiation of 94 yo of the population of spores of Bacillus subtilis in freeze-dried lactose, but does not account for the increased radiation resistance of the remaining 6 yo, or for the protection afforded to spores in freeze-dried glucose and in freezedried fructose. Further, the reason for sensitization occurring only in freeze-dried 192 A. M. COOK, T. A. ROBERTS AND J. P. WIDDOWSON lactose is obscure. Black & Gerhardt (1961) showed that €3. cereus spores were permeated by glucose, principally by passive diffusion. Formation of a sugar glass within the spore therefore seems possible.
On present evidence the most probable site for the primary cellular lesion of radiation is deoxyribonucleic acid (DNA), no other macromolecule within the cell being so radiation sensitive and so indispensable to the cell. Alexander (1959) stated that reactions causing change in shape or size of macromolecules, such as main-chain scission, or cross-linking, are more likely to cause inactivation than reactions involving slight modification of chemical structure. A cross-linked macromolecular gel structure in the spore core has been proposed by Black & Gerhardt (1962) . Even if glucose is unable to diffuse into this core, glass formation round the core might maintain its integrity and the viability of the spore.
The irradiation of carbohydrates has been the subject of much research, but aqueous solutions have almost always been used (Phillips & Moody, 1959 ; Barker, Grant, Stacey & Ward, 1959) . Khenokh, Kuzicheva & Evdokimov (1961) detected long-life radicals in the crystal lattice up to 1 year after the irradiation of dry carbohydrates. Collins (1962) irradiated ' Analar ' samples of carbohydrates, and determined electron spin resonance (ESR) spectra 3 months after irradiation; the results indicated the presence of long-lived radicals. Room-temperature stabilization of organic free-radicals of barbituric acid derivatives in a boric acid glass was reported by Cloutier (1961) ; carbohydrate glass with similar properties therefore seems possible. The protection would then be due to the prevention of toxic free-radical reactions.
Subsequent work to that reported in this paper, with Escherichia coli ~~1 5 3 9 , in the stationary phase, indicates that surface-spread (' Oxoid ' peptone agar) and tube-dilution (' Oxoid ' peptone water) counts give nearly identical numerical recoveries. The D-value in aqueous suspension was 1-93 x lo4 rads. Using E. coli CN 1539 a similar protective effect was found after freeze-drying from 5 yo glucose (D-value 8.10 x lo4 rads), with no protection either in 5 yo glucose (D-value 1.06 x 104 rads) or after freeze-drying from water (D-value 1-3 x lo4 rads).
